The electron cyclotron resonance plasma enhanced chemical vapor deposition (ECR PECVD) method is used to prepare ferroelectric PbTiO 3 films. Single-phase perovskite PbTiO 3 films with smooth surfaces and fine grain size were successfully fabricated on Pt/Ti/SiO 2 /Si substrates at low temperatures of 400-500 °C using metal-organic (MO) sources. The chemical compositions, structural phases, surface morphologies, and depth profiles of the PbTiO 3 thin films were investigated using EDS, XRD, SEM, RBS, and AES. Variations of those properties with process temperature and gas supply ratio are discussed. When the process temperature was above 450 °C, the stoichiometric perovskite PbTiO 3 films could be obtained even though the MO source supply ratio was varied in a wide range if the oxygen supply was sufficient.
I. INTRODUCTION
Lead titanate (PbTiO 3 ) ferroelectric thin films with perovskite structure have been extensively studied for application to pyroelectric infrared sensor, SAW device, and DRAM charge storage capacitor because they have excellent pyroelectric, piezoelectric, and dielectric properties.
1 " 3 Sol-gel 4 " 6 or sputtering methods 7 ' 8 have been largely used for the fabrication of PbTiO 3 films because of their simplicity in processing. Recently attention has been paid to the chemical vapor deposition (CVD) method which provides good step coverage, large area uniformity, and good film quality.
The thermal CVD method where the films are grown in thermal equilibrium state requires a high process temperature. This makes the control of the chemical composition of the multi-component film difficult and causes unwanted thermal strain or diffusion problems in device fabrication. The glow discharge can decompose the precursors and lower the film deposition temperature. Especially, the electron cyclotron resonance (ECR) plasma, which has an ionization efficiency greater than conventional RF plasma by several orders of magnitude, decomposes the precursors so efficiently that high quality films can be fabricated at a low temperature. The vapor-phase homogeneous reactions are also significantly inhibited in ECR plasma enhanced CVD (ECR PECVD) because the processing pressure can be lowered to 0.1 mTorr. The low ion energies (<20 eV) also offer the benefit of greatly reduced device damage.
In the present work, PbTiO 3 films were fabricated at temperatures below 500 °C using the ECR PECVD method. The chemical compositions, structural phases, depth profiles, and surface morphologies of the films were examined at various deposition conditions.
II. EXPERIMENTAL
The schematic diagram of the ECR PECVD system is shown in Fig. 1 . The 2.45 GHz microwave generated from a magnetron is introduced through a rectangular waveguide to the quartz bell jar discharge chamber. Two magnetic coils surrounding the discharge chamber produce a mirror-type magnetic field. ECR plasma is generated when the orbital frequency (co = eB/m e ) of the electrons in the magnetron field is the same as the microwave frequency. For 2.45 GHz microwave, the ECR condition is satisfied when the magnetic field strength is in the region of 875 gauss. The ECR plasma moves from the discharge chamber to the reaction chamber along the divergent magnetic field. The substrate holder, which can be heated by a resistive heater, is placed at the center of the ECR plasma stream.
Lead titanate films were deposited on Pt/Ti/SiO 2 /Si substrates using metal organic (MO) sources. Pt (70 nm thick) and Ti (100 nm thick) were sputter-coated on SiO 2 (600 nm thick) which was grown by thermal oxidation of Si(lll) single crystal. The precursors used were lead /3-diketonate (Pb(DPM) 2 of O 2 and Ar (carrier gas of MO sources) were controlled by mass flow controllers. The flow rates of MO sources were calculated from the equilibrium vapor pressures P eq of the sources and the conductances of the fine metering valves. Pb(DPM) 2 and TilP were independently introduced into the reaction chamber by passing Ar gas through the different bubblers where constant temperatures were kept: Pb(DPM) 2 at 155 °C (P eq = 0.71 Torr) 9 and TilP at 85 °C (P eq = 1.73 Torr). 10 Gas lines were heated to the temperatures about 30 °C higher than the bubbler temperatures to prevent the precursors from condensing while they were being carried. The deposition of the lead titanate film was started by introducing MO sources into the reaction chamber. The deposition parameters used in this study are summarized in Table I . The thicknesses of the deposited films were 90-230 nm and the deposition rates were 3-8 nm/min, depending on the deposition condition. Substrate temperature and flow rates of TilP and O 2 were varied, while Pb(DPM) 2 flow rate, processing pressure, and microwave power were fixed.
The structural phases of the films were characterized using an x-ray diffractometer (XRD) with CuK a radiation source. The x-ray beam was fixed at an angle of 2° from the specimen surface. The anion concentrations were obtained using energy dispersive spectroscopy (EDS). The characteristic x-rays detected were Pb M a (4. 511 KeV). The incident electron beam with a low energy of 7.5 KeV and an incident angle of 30° tilted from the surface normal were used to retain the characteristic x-ray generation volume as much as possible within the film. Rutherford backscattering spectroscopy (RBS) and Auger electron spectroscopy (AES) were used to obtain the concentration depth profiles of the films. In RBS analysis, 2.425 MeV helium ion probe beam and 170° scattering angle were employed. The film compositions analyzed from RBS spectra were used to calibrate the EDS data. Auger depth profiles were obtained under the following operating conditions: incident electron energy, 5 keV; electron current, 300 nA; tilting angle, 50° from the normal to the specimen surface; sputtering Ar ion energy, 3 keV; sputtering rate of the Pt film, about 20 nm/min. Surface morphologies were observed using scanning electron microscopy (SEM).
III. RESULTS AND DISCUSSION
Lead titanate films were deposited on Pt/Ti/SiO 2 /Si substrates at 400 °C. Figure 2 shows the variation of the compositional ratio of the film with the input flow rates of TilP and O 2 . Pb(DPM) 2 flow rate was fixed at 0.71 seem. When the O 2 flow rate is 10 seem, the 0.86 Pb/Ti ratio is smaller than those at the O 2 flow rate of 15 seem and it decreases more rapidly with increasing TilP flow rate. The Pb/Ti ratio drops to 0.1 when the TilP flow rate is 0.26 seem. This result suggests that the reduced oxygen partial pressure impedes the incorporation of Pb atoms into the film. Pb and Ti atoms are incorporated into the film through the reactions on the substrate surface between the radicals of MO sources and oxygen. The oxygen tends to react preferentially with Ti sources rather than Pb sources. 11 If the oxygen supply is insufficient, Pb sources have less probability to react with oxygen, resulting in the decrease in Pb content in the film. It is well known that the crystal of lead titanate film is determined by the film compositional ratio of Pb/Ti. Figure 3 shows the XRD patterns obtained from the specimens of Fig. 2 . When the O 2 flow rate is 15 seem [Fig. 3(b) ], as the TilP flow rate increases, the peak intensities of PbO 2 and pyrochlore phase decrease while those of perovskite phase increase. At the TilP flow rate of 0.30 seem where the Pb/Ti ratio is close to 1, the perovskite phase is dominant. When the O 2 flow rate is 10 seem [ Fig. 3(a) ], the structural phases of the films are more rapidly changed by increasing the TilP flow rate. PbO 2 and the pyrochlore phase are dominant at 0.15 seem TilP (where Pb/Ti = 2), whereas the anatase TiO 2 phase is dominant at 0.26 seem TilP (where Pb/Ti = 0.1). The perovskite phase is dominant at 0.22 seem TilP where the Pb/Ti ratio is close to 1. Therefore, it is concluded that the precise control of the film composition is very important to obtain perovskite PbTiO 3 films, and the perovskite single-phase PbTiO 3 films can be fabricated at a temperature as low as 400 °C by using ECR PECVD.
We investigated the dependence of the composition and structure of the lead titanate films on the processing temperature. Figures 4 and 5 show the variations of the compositional ratio and the crystalline structure of the films with the temperature at the O 2 flow rates of 10 and 15 seem. Pb(DPM) 2 and TilP flow rates were fixed at 0.71 seem and 0.22 seem, respectively. When the O 2 flow rate is 10 seem, the Pb/Ti ratio decreases as the temperature increases. Especially at 450 °C, the Pb/Ti ratio drops to 0.05 and only the anatase TiC>2 oxygen needed for the reaction with Pb sources becomes more serious. This reasonably accounts for the decrease of the Pb/Ti ratio with increasing temperature. As the oxygen flow rate increases from 10 seem to 15 seem, the Pb content in the film increases, as expected. The film deposited at 400 °C and at the O2 flow rate of 15 seem has a Pb/Ti ratio of 1.7 and consists of a mixed phase of perovskite, pyrochlore, and PbO2-As the temperature increases form 400 °C to 450 °C, the film deposition rate decreases from 8 nm/min to 3 nm/min. The film deposited at 450 °C is a stoichiometric PbTiO3 with a perovskite single phase. The film deposited at 500 °C shows the same composition and the same crystalline structure as those of the film deposited at 450 °C. When the TilP flow rate is reduced to 0.13 seem while other conditions are the same, Channel 600 the films deposited at both 450 °C and 500 °C again show the perovskite single phase with a stoichometric composition of PbTiO3. Therefore, we conclude that when the deposition temperature is above 450 °C, the composition and the structure of the lead titanate films are self-controlled to form the stoichiometric perovskite PbTiO3 in the ECR PECVD system if the oxygen supply is sufficient. A similar result was reported for the PbTiO3 films deposited by the dual-beam vacuum evaporation method above 600 °C.13 SEM was used to evaluate the surface morphology of the lead titanate films deposited at temperatures of 400-500 °C and the flow rates of Pb(DPM)2, TilP, and O2 are 0.71 seem, 0.22 seem, and 15 seem, respectively. show the perovskite single phase formed at 450 °C and at 500 °C, respectively. The surface morphology of the perovskite phase is smoother than that of the mixed phase. The average grain size of the perovskite PbTiO3 films is about 100 nm [Figs. 6(b) and 6(c)]. Figure 7 shows the RBS spectra and the analyzed concentration depth profiles for the lead titanate films deposited on Pt/Ti/SiO2/Si substrates for 30 min at 400 °C and 500 °C. The flow rates of Pb(DPM)2, TilP, and O2 are 0.71 seem, 0.22 seem, and 15 seem, respectively. The thicknesses of the films deposited at 400 °C and 500 °C are 230 nm and 90 nm, respectively. The dotted lines in Figs. 7(a) and 7(c) are the experimentally obtained spectra and the solid lines are the spectra generated by the computer simulation supposing the depth profiles of Figs. 7(b) and 7(d) . The concentration distributions of Pt, Ti, and O atoms are uniform along the film depth. The Ti layer under the Pt layer is completely oxidized to form TiO2 at both temperatures. Ti atoms of the Ti layer are out-diffused into the Pt layer and reacted with oxygen to form a Pt-TiO2 mixture. An interface layer containing a large amount of TiO2 is formed between the lead titanate film and the Pt layer. Similar results (i.e., oxidation of Ti layer and Ti out-diffusion into Pt layer) were also reported by other researchers1415 when PZT films deposited on Pt/Ti/SiO2/Si substrates were heat-treated in an oxygen environment.
In order to confirm the out-diffusion of Ti atoms through the Pt layer, a Pt/Ti/SiO2/Si substrate was treated in an Ar + O2 ECR plasma (without introducing Pb and Ti MO sources) for 30 min at 400 °C. The treated specimen was analyzed using AES. The AES depth profile was obtained by monitoring the Auger peak-topeak (ptp) heights of O KLL 503 eV, Pt NOO 64 eV, Ti KLL 418 eV, and Si KLL 1606 eV as a function of sputtering time. Figure 8 shows the AES concentration depth profile of the specimen. It is clearly seen that Ti atoms are out-diffused to form a titanium oxide layer with a thickness of about 5 nm at the specimen surface.
IV. CONCLUSION
Single-phase perovskite PbTiO3 films with smooth surfaces and fine grain size were successfully fabricated on Pt/Ti/SiO2/Si substrates at low temperatures of 400-500 °C by using the ECR PECVD method. Perovskite single-phase films were obtained when the Pb/Ti ratio was close to 1. The cation concentration ratio in the films could be controlled by adjusting the supply ratio of MO sources and oxygen. As the oxygen supply was reduced, the incorporation of Pb atoms in the film decreased. When the process temperature was above 450 °C, the stoichiometric perovskite PbTiO3 films could be obtained even though the MO source supply ratio was varied in a wide range if the oxygen supply was sufficient with respect to the TilP supply. During the deposition process, Ti atoms of the Ti layer were outdiffused through the Pt layer to form an interface layer containing a large amount of TiO2 between the PbTiO3 film and the Pt layer.
